We have conducted high-resolution laser spectroscopic studies of the ortho-H 2 impurity-pair Q 1 (1) ͑vϭ1 ←0, Jϭ1←1͒ transitions in solid para-H 2 with the ortho-H 2 concentration of р0.2%. Several hundred lines were observed in the frequency region between 4142.9 and 4150.3 cm Ϫ1 , with the linewidth of 7 to 200 MHz half width at half maximum. Except for the single-molecule Q 1 (1) transition located at 4146.5621 cm Ϫ1 , all transitions are due to the pairs and higher-order clusters of ortho-H 2 . Using calculated relative intensities for spectral lines of nearest-neighbor ͑NN͒ pairs and next-nearest-neighbor ͑NNN͒ pair, and the accurate energy levels of the ground states by microwave spectroscopy ͓B. W. Statt, W. N. Hardy, and R. Jochemsen, Can. J. Phys. 58, 1326 ͑1980͔͒, we have assigned 180 spectral lines that are due to NN and NNN pairs, including both symmetric and antisymmetric excited states. The ground-state frequency-combination differences agree to within 0.001 cm Ϫ1 , the accuracy of the measurement. The agreement of the relative intensities and polarization dependences between the observed spectrum and the calculated spectrum is also satisfactory. The energy levels in the excited states obtained from the assignment demonstrate that the pair splitting due to the first-and second-order electric quadrupole-quadrupole ͑EQQ͒ interaction and the crystal-field interaction remains similar between the ground and excited states. Small and similar deviations from the ground state have been noted for the excited states of NN in-plane ͑IP͒, NN out-of-plane ͑OP͒, and NNN pairs. The widths of the observed spectral lines differ by more than an order of magnitude depending on the levels. We noticed that only the Fϭ2, M ϭ0 level, which has the highest energy among all the F,M components due to the EQQ interaction, has significant homogeneous broadening on the order of 100 MHz due to relaxation to the lower F,M levels. The inhomogeneous broadening due to the randomly distributed ortho-H 2 is approximately proportional to the difference in EQQ energy between the ground and excited F,M levels. These observations were useful in conducting spectral assignments. Complete energy level patterns for the six excited states: NN IP (s,a), NN OP (s,a), and NNN (s,a) pairs have been determined and discussed. A comprehensive analysis using the Hamiltonian is left for a future work. ͓S0163-1829͑98͒02325-X͔
I. INTRODUCTION
Since the observation of the Raman spectrum of liquid hydrogen by McLennan and McLeod, 1 and the infrared spectrum of solid hydrogen by Allin, Hare, and MacDonald, 2 it has been well known that hydrogen molecules are rotating nearly freely in the condensed phase, 3 because of ͑a͒ the weak intermolecular interaction and the resulting large intermolecular distance, and ͑b͒ the nearly spherical charge distribution in the molecule. The total nuclear spin quantum number I, which specifies ortho (Iϭ1) and para (Iϭ0) spin modifications, is almost a rigorous good quantum number and the rotational angular momentum quantum number J is a good quantum number. At the liquid helium temperature where solid hydrogen samples have been studied, all para-H 2 molecules are in the Jϭ0 level, and ortho-H 2 molecules are in the Jϭ1 level. While para-H 2 in the Jϭ0 level is spherically symmetric, and its interaction is isotropic, ortho-H 2 in the Jϭ1 level is anisotropic. Sublevels of the latter with different magnetic quantum number M , which are degenerate in free space, are split in the anisotropic crystal field. 4 This splitting is very small (0.0071 cm
Ϫ1
) for Jϭ1 impurity surrounded by Jϭ0 H 2 and its direct measurement has been reported only recently. 5 However, the splitting of the sublevels becomes much larger and amounts to several wave numbers when two Jϭ1 H 2 molecules are close to each other to form a pair. It is this type of splitting that we discuss in this paper.
The large interaction between Jϭ1 pair molecules was suspected in the early observation of the anomalous specific heat 6, 7 and the anomalous temperature variation in the width of the Jϭ1 H 2 NMR signal. [8] [9] [10] Nakamura, 11 in a paper which ''marks the beginning of the modern microscopic theory of the solid hydrogen'' 4 located the origin of the interaction as the electric quadrupole-quadrupole interaction between the Jϭ1 H 2 and, using the experimental value of the H 2 quadrupole moment given by Harrick and Ramsey, 12 explained the major part of the specific heat anomalies reported by Hill and Ricketson. 13 The validity of Nakamura's interpretation was further evidenced by a neutron-diffraction experiment 14 and NMR spectroscopy. 15 Nakamura's theory was greatly extended by Harris, 16 who considered finer intermolecular interactions and phonon renormalization, paving the way to his later spectroscopic analysis.
A direct observation of the split energy levels of the Jϭ1 pair was reported by Silvera, Hardy, and McTague 17 using Raman spectroscopy. The splitting was also observed by Boggs and Welsh 18 in the infrared region as a simultaneous transition with the Q 1 (0) ͑vϭ1←0, Jϭ0←0͒ pure vibrational transition. The time variations in the intensities of pair spectrum in NMR ͑Ref. 19͒ and infrared 18 were used to study quantum diffusion in solid hydrogen. Experimental in-formation on the Jϭ1 pair splitting made a quantum jump in 1975 when Hardy and Berlinsky 20 observed the highresolution microwave spectrum ͑hereafter called the pair spectrum͒ between the split levels of the ''impurity'' Jϭ1 H 2 pair in nearly pure para-H 2 crystals, using a calorimetric method. This and subsequent observations 21, 22 have revealed extremely sharp spectral lines ͓⌬Ϸ1.5-40 MHz half width at half maximum ͑HWHM͔͒ and fine structure demonstrating intricate nature of the intermolecular interactions of the J ϭ1 H 2 pair embedded in the Jϭ0 H 2 crystal and leading to extensive theoretical studies. 23, 24 The relaxation mechanism relating to line width 25 and the temperature and pressure dependence of the spectrum 26 were also studied. The treatment of the present paper borrows heavily from the understanding and energy information obtained from the microwave works.
With the advent of new techniques in infrared spectroscopy, the hydrogen pair spectrum came to be studied in the infrared region. The vϭ1←0 spectrum of the pair has been reported using Fourier-transform spectroscopy in medium resolution 27 and in high resolution (⌬Ϸ0.011 cm
). 28 Laser infrared spectroscopy 29 has demonstrated that the fine structure of the vibrational pair spectrum can be observed with the linewidth comparable to those of the microwave spectrum resulting in the absolute resolution of ⌬/ ϳ10 Ϫ7 . Since in this case the pair levels in the excited state are also split into 18 components, the number of spectral lines is greatly increased. Several hundred lines were observed in the region between 4142.9 and 4150.3 cm Ϫ1 with the linewidth of 7 to 200 MHz HWHM, centered at 4146.5621 cm
, the single-molecule Q 1 (1) ͑vϭ1←0, J ϭ1←1͒ transition frequency. The present paper reports our recent observations and an analysis of these structures.
II. EXPERIMENT
The complete spectrum has been recorded several times, three times in the original scans with different ortho-H 2 concentrations ͑0.2 and 0.06 %͒, 29 and several times later when we studied spectroscopically the ␥-ray-irradiated para-H 2 crystals ͑0.2% ortho-H 2 ͒. 30 These scans were done with a difference-frequency ͑DF͒ laser spectrometer. Recently we rescanned the region with a color-center laser ͑CCL͒ spectrometer. The CCL system allows better accuracy in frequency measurement, higher sensitivity, and higher resolution compared to the DF system. Consequently, many previously unseen transitions were observed and previously overlapped transitions were resolved. More importantly, because of the much higher accuracy in frequency measurement enabled by the CCL system, assignments can be done with confidence using combination differences in the central region of the spectrum, where spectral lines are very much congested. In total two crystals ͑0.2% ortho-H 2 ͒ were measured with the CCL system. The method of crystal preparation has changed in the intervening eight years. However, the observed spectra are very consistent with each other ͑within 0.0005 cm
Ϫ1
͒ if a scale factor is allowed for the splitting of the F,M levels, indicating the reliability of the observed spectrum. This linear scale factor results from slightly different temperatures ͑a few K͒ at which the crystals were made and will be discussed below and later in Sec. VI A.
Para-H 2 crystals were grown in a copper cell 2 cm in diameter and 11.5 cm in length, which were sealed by wedged ͑0.5°͒ sapphire windows with indium gaskets and mounted in a commercial helium Dewar. The sapphire windows were cut with their c axis normal to the surface so that accurate polarization dependence of the spectral lines can be observed. Para-H 2 gas was produced by liquefying highpurity hydrogen gas from a hydrogen purifier into a column of APACHI nickel silicate catalyst placed above the liquid helium surface in a commercial Dewar at 14 to 20 K. The liquid H 2 was kept for a few hours and extracted at a temperature controlled by the height of the catalyst container from the helium surface. Lower temperature gives lower ortho concentration. After the conversion, the para-H 2 gas was introduced into the cylindrical sample cell through a 1 16 in. o.d. stainless steel tube with the rate that kept the temperature of the cell at about 11 K. The temperature was measured by a Ge resistance temperature sensor mounted on the cell. The hydrogen condensed directly from gas to solid and the crystal grew radially inward from the wall. After the cell was filled, the temperature was brought down slowly to around 5 K. The crystal did not simply settle into the equilibrium structure at 5 K. Since the crystal was attached to the copper wall of the cell and the thermal expansion of the crystal is higher than that of copper, the crystal was under negative pressure. This resulted in a crystal with a slightly larger lattice constant than that of a freestanding crystal at 2.1 K used in the microwave experiment. 21, 22 Therefore, the pair splitting is slightly smaller than that in the microwave experiment. Since the major cause of the splitting, the electric quadrupole-quadrupole ͑EQQ͒ interaction, is inversely proportional to the fifth power of the intermolecular distance R, the variation of the pair splitting is approximately proportional to the variation of R. Because of the slight difference in temperatures at which different crystals were made, the frequencies of transitions vary as much as 0.007 cm Ϫ1 from crystal to crystal for levels far from the center of the EQQ splitting. However, we see our measurement of each crystal is consistent when a scaling factor taking into account the variation in crystal size is applied. A set of frequency data for a particular crystal ͑0.2% ortho-H 2 ͒ is used in this paper. Since the molar volume of para-H 2 crystal varies little from 11 to 5 K, 31 a crystal with little stress and without breakage is obtained by this method. The temperature at which the crystal is made is crucial to the quality of the final crystal. Higher temperature gives a more transparent crystal to begin with, but which is more likely to break as the temperature is lowered. Crystal made at lower temperature is more stable for lowering its temperature, but is less transparent probably because of the decreased tunneling of the molecules during crystallization. The growth of large single crystals by condensing directly from gas to solid has also been reported by the Kharkov group. 32 While our crystal was not a complete single crystal because of our method of growing it from a cylindrically shaped wall, the sharpness, purity, and reproducibility of our high-resolution spectra 33, 34 imply that the crystal had a good hexagonal close packed ͑hcp͒ lattice at least locally where the laser radiation ͑diameter Ϸ1 mm͒ probed the sample. There is usually a bubble of about 4 mm in diameter in the center of the cell, but we have at least a few millimeters of transparent sample for laser spectroscopy.
A more detailed description of the crystal preparation can be found in Kerr's thesis. 35 The commercial color center laser is pumped by 2 W of the 647.1-nm radiation from a Kr ϩ laser. The output power is about 10 mW in the region of interest. The free-running frequency jitter is 3 MHz. A tone burst technique 36 is employed in this system to improve the sensitivity. A CdTe electrooptic modulator in the path of the laser beam generates about 25% side bands from the radiation for rf frequency between 6 and 120 MHz. The side bands are switched on and off at a frequency of 30 kHz and the signal is detected by an InSb detector followed by a lock-in amplifier. The effect of the amplitude noise of the color center laser is minimized by splitting the beam and using the AϪB noise subtraction technique. The modulation gives spectral lines, the second derivative shape, and emphasizes sharp spectral features at the expense of broad ones. The sensitivity is typically ⌬I/Iϳ5 ϫ10 Ϫ4 . A temperature-stabilized étalon with a free spectral range of 150 MHz is utilized to generate wave number markers on the scans. Together with a NO 2 reference gas, 37 the frequency can be determined within 0.0002 cm Ϫ1 during one normal scan spanning 0.09 cm
. For a much more detailed description of the spectrometer, consult Weliky's thesis. 38 For the crystal from which our final data are taken, we scanned the region with five different tone-burst side band frequencies ͑6.65, 13.05, 28.05, 60.05, and 120.05 MHz͒ using the color center laser with both perpendicular and parallel polarization of the laser radiation with respect to the c axis of the crystal. Tone burst modulation with higher frequency helps us observe broad lines near the outer edge of the scanned region, whose linewidth is on the order of 100 MHz, while the lower-frequency modulation allows better resolution for the congested sharp transitions in the center region.
III. THEORETICAL BACKGROUND
A. Single molecule Q 1 "1… transition At 4146.5621 cm
Ϫ1
, in the middle of the thicket of lines, is the single-molecule Q 1 (1) transition, which is by far the strongest among all the observed lines. It is infrared active through the quadrupole-induced-dipole mechanism, where the quadrupole moment of a Jϭ1 molecule induces dipole moments on the surrounding para-H 2 molecules and these many-body dipole moments interact with the radiation to cause the central ortho-H 2 to be excited to the vϭ1 state. Direct quadrupolar transition is many orders of magnitude smaller. This mechanism was initially worked out by Sears and Van Kranendonk, 39 who showed that in the hcp lattice of solid para-H 2 , the transition is allowed only with radiation whose electric field is perpendicular to the c axis of the crystal, and the selection rule for the transition is ⌬M ϭϮ2. Here M is the magnetic quantum number, i.e., the projection of the rotational angular momentum J along the c axis. Experimentally the two transitions M ϭ1←M ϭϪ1 and M ϭϪ1←M ϭ1 are observed at the same frequency because the M ϭϮ1 levels are degenerate in the hcp lattice due to the threefold symmetry axis C 3 . All the other features observed in our experiment are due to the ortho-H 2 pair with a variety of relative positions and to higher ortho clusters randomly distributed in the lattice structure. For the low ortho concentration in our samples (р0.2%) we expect that the pair transitions dominate these lines. In this paper, we restrict ourselves to the study of the nearest-neighbor ͑NN͒ and next-nearest-neighbor ͑NNN͒ ortho-H 2 pair transitions.
B. Pair splitting
The complexity of the pair spectrum is caused by the interactions between a pair of Jϭ1 H 2 molecules and their surrounding Jϭ0 para-H 2 molecules. Since there are three sublevels for one Jϭ1 molecule with M ϭ0,Ϯ1, a pair of ortho-H 2 has nine sublevels. These nine sublevels would be degenerate if we were to consider two noninteracting molecules in free space but they are split because of intermolecular interaction between the two and the crystal-field interaction. For a pair of Jϭ1 H 2 there are different relative positions in the lattice. There are in-plane ͑IP͒ and out-ofplane ͑OP͒ pairs for NN pair, while there is only one kind of NNN pair. In addition, the vϭ1 excitation can be on either molecule of the pair, causing an additional degree of freedom. In total, there are 9ϫ9ϫ2ϫ2ϭ324 possible transitions for the NN pair, and 9ϫ9ϫ2ϭ162 for the NNN pair. Of course, only infrared active ones are observable, but because of the lowered symmetry due to the presence of the ortho-H 2 pair, many transitions are infrared active.
Various interactions which cause the splitting of the nine levels in the ground vibrational state of the Jϭ1 pair were discussed by Harris, Berlinsky, and Hardy. 21, 23 A schematic hierarchy of the splitting is shown in Fig. 1 . Apart from the isotropic dispersion interaction ͑which amounts to about 25 cm
Ϫ1
, 40 but does not contribute to the splitting͒, the largest interaction between the Jϭ1 molecules is the EQQ interaction 11 with the Hamiltonian
where C(224;mm 0) are Clebsch-Gordan coefficients, with the total rotational angular momentum quantum number F and its projection along the pair axis M , where the first and the second eigenfunction on the right-hand side represent rotational state ͉JM ͘ of the first and the second Jϭ1 H 2 , respectively. H EQQ shifts and splits the five substates with Fϭ2 into three levels with M ϭ0,Ϯ1,Ϯ2 while the four states with Fϭ1 and 0 are unaffected and stay degenerate. This degeneracy is lifted by other anisotropic interactions such as second-order EQQ interaction, dispersion, and induction. 41 However, the cylindrically symmetric ͑CS͒ interactions between the pair molecules leave the ϮM levels doubly degenerate. These degeneracies are lifted by noncylindrically symmetric ͑non-CS͒ interactions between the J ϭ1 H 2 of the pair and the surrounding Jϭ0 H 2 . Since there still remains a plane of symmetry, the split states with M 0 are expressed by
for M Ͼ0, where the Ϯ represent eigenfunctions symmetric or antisymmetric with respect to the plane symmetry. The two interactions CS and non-CS also mix the nine ͉F,M ͘ Ϯ levels with the same symmetry ͑see Sec. III C͒, but these mixings are small and neglected in the ͉F,M ͘ Ϯ labels of the levels in Fig. 1 and in the theoretical calculation of the intensities.
The pair level pattern in the vibrationally excited state has an additional complication because the vibrational excitation ͑vibron͒ may be on either of the two molecules of the pair. 28, 29 This leads to symmetric ͉s͘ and antisymmetric ͉a͘ vibrational eigenstates
which are multiplied to ͉FM ͘ Ϯ to give the overall eigenfunctions. The energy difference between the s and a states is given by twice the vibron hopping frequency
where V is the intermolecular potential in cm . Since the equilibrium intermolecular distance in the crystal 3.783 Å ͑Ref. 31͒ is much higher than the equilibrium distance of the intermolecular potential 3.36 Å, 40, 43 and is even higher than the inflexion point 4 3.73 Å, molecules sense mostly the attractive part of the intermolecular potential due to the R Ϫ6 dispersion term. Thus, the hopping frequency is expected to scale by 1 8 in going from NN to NNN pairs. We find that this is not the case and the scaling factor is 1 3.3 , indicating that the Raman-type hopping processes using nonresonant Jϭ0 H 2 as stepping stones play an important role. This will be discussed in a separate paper.
44

C. Symmetry, selection rules
A detailed theory of the vibration-rotational transitions of the Jϭ1 H 2 pair will be published separately. 45 Here we summarize useful results without proof. First we consider a pair of nearly freely rotating Jϭ1 H 2 without surrounding Jϭ0 H 2 . This system has cylindrical symmetry and the center of inversion, and the symmetry of the ͉F,M ͘ states can be expressed by irreducible representations of the D ϱh point group 46 as shown in Fig. 1 . The states are gerade g or ungerade u depending on whether F is even or odd and M ϭ0,Ϯ1,Ϯ2 correspond to the ⌺, ⌸, and ⌬ states, respectively. Since the H 2 molecule as a whole is regarded as a boson, g and u relate to ϩ and Ϫ, respectively, for the ⌺ states. We see that the only mixing due to the CS interaction is between ͉2,0͘ and ͉0,0͘. If we choose the z axis along the pair axis, the symmetries of the components of the transition dipole moment are ( x , y )ʚ⌸ u , z ʚ⌺ u ϩ . The selection rules are ⌬FϭϮ1 and ⌬M ϭϮ1 for ( x , y ) and ⌬M ϭ0 for z , the latter only for M 0.
When the surrounding Jϭ0 H 2 are also considered, the cylindrical symmetry is broken and the symmetry of the system is lowered ͑Fig. 2͒. The coordinate axes are chosen such that the z axis is along the pair axis and the y axis is the axis of C 2 rotation, then the symmetry of the IP pair system is C 2v with symmetry operations ͕E, C 2 (y), (yz), and FIG. 1. The energy diagram of a pair of ortho-H 2 molecules in solid para-H 2 crystal and the symmetry of each level. Levels are labeled by the total angular momentum of the pair F and its projection onto the interpair axis M . The unit for energy is the electric quadrupole-quadrupole ͑EQQ͒ interaction splitting parameter ⌫ ϵ6Q 2 /25R 5 , where Q is the quadrupole moment of the hydrogen, and R is the intermolecular distance. If only the EQQ interaction is considered the nine states split into four levels. Cylindrically symmetric ͑CS͒ interactions split the four Fϭ0 and 1 states into three levels while maintaining the degeneracy of the ͉11͘ Ϯ states. Noncylindrically symmetric ͑non-CS͒ interactions split all the nine levels. The symmetry is labeled for each level for a pair of ortho-H 2 in the free space ͑above ''EQQϩCSI'' in the figure͒ and three types of pairs in solid para-H 2 : nearest-neighbor in-plane ͑IP͒, out-ofplane ͑OP͒, and next-nearest neighbor ͑NNN͒.
(xy)͖, while that of OP and NNN pair system is C 2h with symmetry operations ͕E, C 2 (y), i, and (xz)͖. 46 Irreducible representations of the levels are given in Fig. 1 . Levels with the same symmetry are mixed by the non-CS crystal field interaction. For example, ͉2,0͘, ͉2,2͘ ϩ , ͉0,0͘, and ͉1,1͘ Ϫ belonging to A 1 , are mixed for the IP pair, while ͉2,0͘, ͉2,2͘ ϩ , ͉0,0͘, and ͉2,1͘ Ϫ belonging to A g are mixed for OP and NNN pairs. Symmetries of pair levels in the symmetric and antisymmetric excited vibrational states are obtained by multiplying A 1 and B 1 ͑for IP͒, and A g and B u ͑for OP and NNN͒, respectively, to the symmetry of the ground-state pair levels. Selection rules are obtained from the symmetry of components of the dipole moment parallel and perpendicular to the crystal c axis ʈ ϭ x ʚB 2 , Ќ ϭ y ʚA 1 , and z ʚB 1 for IP pair and ʈ ϭ( x , z )ʚB u , Ќ ϭ( x , z )ʚB u , and y ʚA u for OP and NNN pairs. For the latter pairs, the inversion symmetry is preserved and the selection rules are simply g↔u ͑6͒ and
⌬FϭϮ1. ͑7͒
For IP pair, where the center of symmetry no longer exists, the rules are more complicated. Anyhow, all of the observed transitions follow selection rules
where ⌫ i ,⌫ f ,⌫ ␣ are irreducible representations of the initial and final states of the transition and ␣ is the component of the transition dipole moment. Not all of the transitions allowed by these rules were observed. For example, weak transitions induced by the small mixings of ͉F,M ͘ Ϯ states due to CS and non-CS interactions were not observed.
D. Relative intensities
Theoretical relative intensities of the pair transitions were very useful for their assignments. They were calculated 45 using the basis sets ͉v͉͘F,M ͘ Ϯ (vϭ0,s,a) and spherical components ͑Nϭ0,Ϯ1͒ of quadrupole-induced dipole moment operators of molecule 1:
and the same expression with 1 replaced by 2, and
and the same expression with 1 and 2 interchanged, where ␣ϭ(2␣ Ќ ϩ␣ ʈ )/3, and ␥ϭ␣ ʈ Ϫ␣ Ќ are the isotropic and anisotropic polarizability of H 2 , respectively. ⍀ i and ⍀ ik are angle variables of molecule i and the direction i→k with respect to the crystal axis. The operator in Eq. ͑9͒ represents the sum of dipole moments induced in the surrounding molecules k ͑including 2͒ through their isotropic polarizabilities by the quadrupolar field of molecule 1, and the operator in Eq. ͑10͒ represents the dipole moment induced in molecule 2 through its anisotropic polarizability ␥ 2 . Intensities calculated from ͉͗ f ͉ N 1 ϩ N 2 ͉i͉͘ 2 using Eq. ͑9͒ give terms that are proportional to the squares of ␣Q 10 S 33 4 and ␣ 10 Q, while the intensities from ͉͗ f ͉ N 1 ϩ N 2 ͉i͉͘ 2 using Eq. ͑10͒ are proportional to the squares of Q 10 ␥ϮQ␥ 10 ͑Ϯ for vϭs and a, respectively͒, where Q 10 ϵ͗1͉Q͉0͘, ␣ 10 ϵ͗1͉␣͉0͘, and ␥ 10 ϵ͗1͉␥͉0͘ are off-diagonal vibrational matrix elements of the respective quantities, and S 33 4 ϵ ͚ k (R 0 /R 1k ) 4 C 33 (⍀ 1k ) ϭϪ0.391 is a crystal sum. Nϭ0 gives intensities when the polarization of the electric field of the laser radiation is parallel to the crystal c axis while NϭϮ1 gives intensities for the perpendicular polarization. The theoretical intensities are given in Fig. 3 as a computer-generated stick diagram. They are also shown below the observed spectral lines collected in Fig. 4 .
E. Linewidths
Another observed characteristic of the individual spectral line that helped our assignment of the complicated spectrum is the linewidth. It is noted in Fig. 4 that widths of spectral lines vary widely depending on transitions. Since the toneburst modulation method records higher intensities for narrower lines, we should take into account the linewidths in comparing relative intensities.
Although the method of our crystal preparation is less sophisticated than that of Hardy et al. 20, 21 and our transition energies are higher by more than three orders of magnitude, we find that there exists a correlation between the linewidths of the infrared spectrum and the microwave spectrum. The sharpest linewidth we observed is 7.8 MHz HWHM. This suggests that the linewidth resulting from vibrations such as T 1 vibron-phonon relaxation and T 2 vibron dephasing is not high. The energy of vibron 4150 cm Ϫ1 is nearly two orders of magnitude higher than the crystal Debye temperature 31 
cm
Ϫ1
, and both T 1 and T 2 relaxations are expected to be very slow. [47] [48] [49] At the ortho concentrations of 0.2 and 0.06 % used in our experiment, the mean interpair distance is Ϸ35R 0 and 78R 0 , respectively, and vibrons are well localized on the pairs. Overall, as far as the linewidths are concerned, we can ignore complications due to the vibrational excitation. The relaxation between the symmetric and antisymmetric excitations requires vibrational operators and is expected to be much slower than the relaxation between pair levels.
The linewidth of the microwave pair spectrum was studied experimentally 21, 22 and theoretically 25 by Statt, Hardy, and Jochemsen. They observed that the linewidths vary greatly depending on the transition. For example, the linewidths for the ͉1,1͘ Ϯ ←͉2,1͘ ϯ transitions were 13 MHz, one half of those for the ͉1,1͘ Ϯ ←͉2,1͘ Ϯ transitions although they appear in the same frequency region. Such variations of linewidths have also been noted in our infrared spectrum and give us an additional guide for spectral assignment. The infrared spectrum includes the Q-type transitions ͉F,M ͘ ←͉F,M ͘, which do not exist in a microwave spectrum. They were found to be very sharp as shown, for example, by line 117:IP-s͉1,1͘ Ϫ ←͉1,1͘ Ϫ in Fig. 4 . The same phenomenon was observed in HD and D 2 impurity spectra and explained by Weliky et al. 50 The levels with same quantum numbers in the excited and the ground state tend to be shifted similarly due to the presence of impurities and thus their differences are not much affected. Q-type transition ͉2,0͘←͉2,0͘ is the only exception for this because of a large homogeneous broadening. This will be discussed more fully later in Sec. VI C.
IV. ASSIGNMENT
The final assignment of the complicated spectrum was based on the method of ground-state combination difference using the accurately determined ground-state energy levels reported by Hardy and his collaborators. [20] [21] [22] [23] 25, 26 During this procedure we noted that the ground-state energy values in our crystals are consistent with those by Statt, Hardy, and Jochemsen 22 within the accuracy of measurements (Ϸ10 MHz) except for the scaling factor mentioned earlier and will be addressed later in Sec. VI A. Since the symmetry of the system is not very high, there are plenty of allowed transitions as discussed in Sec. III C and there was no shortage of ground-state combination differences. Thus, some energy values that are missing in the microwave work, such as IP ͉1,1͘ Ϯ levels and the OP ͉0,0͘ level were readily filled using the infrared result. This assignment procedure is qualitatively different from and less satisfactory than the traditional method in which energy levels from an interaction Hamiltonian with suitable molecular constants are used. We abandoned this latter approach in view of the facts that ͑a͒ even for the simpler ground state, the extensive analysis by Harris et al. 23 did not explain all the levels and ͑b͒ our attempt to develop such calculation for the Jϭ6ϪJϭ1 pair interaction ran into difficulty. The assignment based on the ground-state combination difference is also used in gaseous spectroscopy when the analysis of the excited state is prohibitively difficult as in the case of C 2 H 3 ϩ . 51, 52 The assignment of the transitions by the NN pairs proceeded as follows. Here we were helped by the work by Steinhoff et al. 28 especially for taking into account the splitting between the symmetric and antisymmetric states, although our final assignments differ from theirs considerably in detail. We first simply scaled the ground-state splitting by ⌫ s /⌫ 0 or ⌫ a /⌫ 0 to approximate the pair splitting for the symmetric and antisymmetric vϭ1 vibrational states, respectively. This gave a reasonable first approximation for the F,M splitting since the first-order EQQ interaction is the dominant cause for the splitting. The values of ⌫ 0 were given by Hardy et al. 21 to be 0.576 07 cm Ϫ1 for IP pair and 0.575 26 cm Ϫ1 for OP pair. ⌫ s and ⌫ a for the excited states were estimated by assigning some of the more prominent spectral lines from frequency, linewidth, intensity, and polarization dependence. For example, the strong sharp line at 4148.4704 cm Ϫ1 was assigned the OP-s 11 ϩ ←21 Ϫ transition and the line at 4143.8595 cm Ϫ1 was assigned to be the OP-s 21 ϩ ←11 Ϫ . From the ground-state splitting of 2.210 85 cm Ϫ1 between 21 Ϫ and 11 Ϫ levels given by microwave work, splitting between the OP-s 11 ϩ and 21 ϩ levels was calculated to be 2.400 05 cm
Ϫ1
. Comparing this value with the corresponding ground-state splitting of 2.138 05 cm Ϫ1 given by microwave work, the scaling for OP-s pair was calculated to be ⌫ s /⌫ 0 ϭ1.122 54. This increase is mainly due to the 10.7% increase of the quadrupole moment of H 2 from 0.4853 to 0.5370 a.u. due to the vibrational excitation. 53 The scaling factors for other pair states were obtained similarly. In order to fill the IP 11 Ϯ levels and OP 00 levels that are missing in the microwave result, we assumed that in the first approximation the scaling of F,M splitting also holds between the IP and OP pairs. The splitting parameter for the antisymmetric excited state was found to be smaller than that for the symmetric state by about 5% for the reason that will be discussed later in Sec. VI B. We thus obtained the first approximate relative energies for the four groups of nine split levels corresponding to the vibrationally excited states IP-s, IP-a, OP-s, and OP-a. Since the orientation-dependent EQQ, CS, and non-CS interactions do The radio frequencies used for the tone-burst-modulation for each figure were 120, 120, 120, 60, 13, 13, 13, 60, 120, 120, and 120 MHz, respectively, in the order of high to lower frequency of infrared. Spectra taken by laser radiation with perpendicular and parallel polarizations with respect to the c axis of the hcp lattice are shown in the same figure. The scale for the relative intensity in each figure is the same although it differs widely for different figures. The different rf frequencies were used because of the variety of linewidths of the observed spectrum. Spectral trace in each figure is stitched from multiple scans each spanning 0.09 cm Ϫ1 . The traces have gaps where no transition was observed. The numbering of the spectral lines is the same as in Table I. not change the center of gravity of the energy levels much, we first assumed the energy difference between the center of gravity of each of the four groups and that of the groundstate pair levels to be equal to the energy of the singlemolecule Q 1 (1) transition. We then shifted the antisymmetric levels upward and symmetric levels downward by about the same amount. This shift corresponds to the hopping of the vϭ1 vibron between the ortho-H 2 of the pair, known to be 0.2-0.3 cm
. These first sets of approximate energy levels in the excited states allowed us to assign more spectral lines using observed linewidths, relative intensities, and laser polarization dependences. Each time a new line was assigned, an energy level in the excited state was fixed which in turn led to assignments of other transitions sharing the level. The new assignments revised the scaling factor of ⌫ and the shift of the a and s states, and the scaling was gradually abandoned as more spectral lines were assigned. This procedure was repeated several times until all observed lines (1) spectral lines that are due to the nearest neighbor ͑NN͒ and next nearest neighbor ͑NNN͒ ortho-H 2 pairs. IP stands for NN in-plane pair. OP stands for NN out-of-plane pair. a is for antisymmetric vibrational state, s for symmetric. The numbering of lines is the same as in Fig. 4 . The values of the observed-minus-calculated frequencies were calculated from the energy diagrams in Fig.  5 and simply indicate the consistency of spectral lines satisfying various combination differences rather than a result of a fit to a theoretical model as in an ordinary spectroscopic analysis. were assigned. During this process, we noticed that the ground-state splitting of our crystals was smaller than that of microwave work. This point will be discussed further in Sec. VI A. All observed spectral lines, which are far from the congested central region, i.e., those from 4150.3 to 4148.4 cm
at the high-frequency side and those from 4144.5 to 4142.9 cm Ϫ1 at the low-frequency side were assigned to transitions of NN pairs. This enabled us also to assign many NN pair spectral lines in the central region. We then proceeded to assign transitions of NNN pair from the spectral lines that had been left unassigned using similar procedure as for NN pairs. Because of the R Ϫ5 dependence of the EQQ interaction, the pair splitting for the NNN pair is less than one fifth of that for the NN pairs. The splitting of the symmetric and antisymmetric states is also much lower. In assigning those crowded spectral lines, theoretical relative intensities, polarization dependences, and linewidths reported by Hardy et al. 21, 22 were indispensable. We often relied on the mirror effect in which the mirror transitions ͉FЈ,M Ј͘ r Ј ←͉F,M ͘ r FIG. 5. Energy level diagrams of ͑a͒ nearest-neighbor ͑NN͒ in-plane ͑IP͒, ͑b͒ NN out-of-plane ͑OP͒, and ͑c͒ next-nearest neighbor ͑NNN͒ ortho-H 2 pair in para-H 2 crystals. Unit is in wave number. Values for all levels were calculated from the observed infrared spectrum. Levels are shown to scale except for the separation between the vϭ1 and vϭ0 states. Energy scales are the same also across three figures except for that of the NNN pair that has been magnified by a factor of 5.
and ͉F,M ͘ r ←͉FЈ,M Ј͘ r Ј appear symmetrically with respect to the single-molecule Q 1 (1) frequency, with similar linewidths, intensities, and polarization dependences.
The polarization dependences are not always followed strictly due to the birefringence of some CaF 2 and sapphire windows used in the experiment. Even using sapphire windows with the c axis cut normal to the plane, a slight bend of the laser radiation affected polarization dependences. Another degradation of the polarization dependence was caused by the finite size of the laser radiation, which made part of the beam not strictly aligned with respect to the c axis of the crystal because of the cylindrical shape of the crystal cell.
Eventually all spectral lines except those in the highly congested central region over one wave number from 4147.1 to 4146.1 cm Ϫ1 have been assigned. The unassigned lines in this region are thought to be due to ortho-H 2 pairs farther separated than the NNN pair and ortho-H 2 clusters starting from trimers. 54 For the first 0.2% crystal studies with CCL, we observed some weak features near the NN-s ͉1,1͘ Ϯ ←͉2,1͘ ϯ and ͉2,1͘ Ϯ ←͉1,1͘ ϯ transitions. They are not pair transitions from their frequency positions. We ascribe these to trimer transitions, with a third ortho-H 2 molecule close by a pair perturbing the ͉F,M ͘ levels. These spectral lines are complicated since there are many different configurations for trimers.
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V. RESULTS
Assigned transitions are listed in Table I . Energy levels determined from observed frequencies for NN IP, NN OP, and NNN pair are shown in Figs. 5͑a͒-5͑c͒, respectively. For many cases, more than one transition sharing the same level was observed. Weighted averages of measured values were used to determine energy levels for such cases, with weight reflecting the accuracy of measuring a transition. For example, if a transition is strong, sharp, and close to a strong reference, it was given the largest weight in averaging. Weak lines, broad lines, or lines overlapping with other strong lines were not used in the average. The values of the observedminus-calculated frequencies listed in Table I were calculated from the energy diagrams and simply indicate the consistency of spectral lines satisfying various combination differences rather than a result of a fit to a theoretical model as in ordinary spectroscopic analysis. Most of observed spectral lines are given in Fig. 4 . In these figures, the calculated transition frequencies and intensities for both polarizations are included for easy comparison with the observed spectrum.
The measured linewidths for most of the assigned transitions are listed in Table I . To measure the linewidth from the tone-burst spectral line shape, a least-square fit to Lorentzian profile was applied with the following form:
where 0 is the frequency of the transition, ␥ is the HWHM of the transition. tb is the side band frequency of the toneburst modulation. This form is valid when the second-and higher-order harmonics of the tone burst modulation are negligible as in our system. Both Gaussian and Lorentzian line profiles were tried for the fitting and the Lorentzian gave an overall better fit to the experimental line profile. The pure Lorentzian form was adopted to maintain the consistency. The uncertainty of the measured linewidths depends on the signal-to-noise ratio of the line but it is on the average 15% of the width.
The polarization dependence agreed well between the experiment and calculation as can be seen from Fig. 4 . However, there exists a residual intensity leftover from one polarization to the other for reasons mentioned earlier in Sec. IV. Intensity data can be deceiving at times. The tone-burst modulation technique used in our experiment gives a secondderivative line shape and enhances sharp lines at the expense of broad ones. However, if we take this into account, the intensity data match the calculation pretty well.
VI. DISCUSSION
As mentioned earlier in Sec. IV, we have not carried out a full-fledged spectral analysis based on the interaction Hamiltonian. In the following we single out four interesting aspects of our results and discuss them semiquantitatively.
A. Lattice constant
As mentioned earlier, the observed ground-state pair levels are very close to the microwave values of Hardy et al. [20] [21] [22] except for a scaling factor. The factors for NN-IP, NN-OP, and NNN are 0.998 58, 0.998 78, and 0.999 08, respectively, with the microwave splitting being larger. Using the R Ϫ5 dependence of the EQQ splitting, their average 0.998 81 indicates that the lattice constant of our crystal was larger than that of Hardy et al. by 0.024%. There are two reasons for this larger lattice constant. First, the temperature of our crystal was higher than theirs. Our crystal cell was heat sunk to the helium bath at 4.2 K. However, the cell was typically at 5 K due to the radiation from the sapphire windows, while their crystal, grown in a microwave wave guide, was at 2.1 K. Second, our crystal was attached to the cell wall while theirs was freestanding. 21 Using the molar-
, 31 the effective temperature of our crystal is estimated to be 7.5 K. Our crystal was expanded by about 0.02% in the lattice constant because it was attached to the wall.
B. Dependence of pair splitting on the vibrational state
From the energy levels given in Fig. 5 , it is clear that the pair splitting increases in the excited vibrational states and that the splitting is larger in the symmetric vibrational state than in the antisymmetric state. If we neglect the small effect of the CS and non-CS interactions, we obtain the observed ratios of the EQQ splitting parameters in the excited state ⌫ s ,⌫ a and ground state ⌫ 0 as follows: 55, 56 This may be explained as due to the fact that, at the equilibrium position, molecules sense the attractive part of the isotropic potential while they sense the sharply rising repulsive part of the anisotropic potential. 4, 57 We see that the agreement is better in the NNN case when molecules in the pair are farther separated.
C. Linewidth
The linewidth of a transition in a solid involves contribution from both the homogeneous broadening due to relaxation and dephasing, and the inhomogeneous broadening due to the impurities and the crystal imperfections. As mentioned in Sec. III, Q-type transitions showed minimum inhomogeneous broadening and are the best candidates for studying the homogeneous broadening. We plot the linewidths of all the Q-type transitions in Fig. 6 as a function of ͉⌬E EQQ,vϭ1 Ϫ⌬E EQQ,vϭ0 ͉, where ⌬E EQQ denotes energy shift of the EQQ level from the center of gravity of the splitting. We note that all transitions show a similar small width except for the two NN ͉2,0͘←͉2,0͘ transitions. This demonstrates that the relaxation rate is less than a few MHz for all levels except the ͉2,0͘ level, which stands high above the rest of the levels. In their theoretical study of the linewidth of the microwave pair spectrum, Statt and Hardy 25 showed that, analogous to Einstein's formula for spontaneous emission, the uncertainty broadening due to the phononinduced relaxation is proportional to the third power of energy difference between the initial and the final state ⌬ This explains why only ͉2,0͘ has homogeneous broadening that is an order of magnitude higher than the other levels. Inhomogeneous broadening due to the EQQ interaction of the ortho pair with randomly distributed Jϭ1 H 2 mainly depends on the angle-dependent interaction Hamiltonian. In Fig. 7 , we plot the observed linewidth versus ͉⌬E EQQ,vϭ1 Ϫ⌬E EQQ,vϭ0 ͉. We note an approximately linear dependence excluding transitions involving the ͉2,0͘ level shown in black circles. The approximate linearity attests to the fact that the EQQ interaction between the pair and a farther away ortho-H 2 shifts the F,M levels in the ground state and the excited state in a similar fashion.
D. Deviation from a linear dependence
It is observed that the linear dependence for the splitting between the excited and ground states is much better followed in the antisymmetric excited state than in the symmetric one. This phenomenon is shown in Fig. 8 , where the deviation from a straight linear dependence is plotted for all cases. The deviation is calculated to be the difference between the measured level of the excited state and what its value would be assuming a perfect linearity between the splitting in the excited and the ground states. The figures lead us to the following qualitative observations. ͑1͒ For both the symmetric and antisymmetric excited states of the NN pairs, the deviations from the linearity are practically identical for IP and OP pairs. This suggests that the deviation is mainly due to the CS interactions.
͑2͒ Between the symmetric ͓Fig. 8͑a͔͒ and the antisymmetric ͓Fig. 8͑b͔͒ excited states, the pattern of the deviations is very similar but the magnitude of the former is larger than that of the latter by a factor of 10.
͑3͒ The deviation of the NN antisymmetric excited state and that of the NNN symmetric excited state are similar both in pattern and magnitude. 
͑4͒
The deviations of the NNN antisymmetric excited state are one order of magnitude smaller than those of the NNN symmetric state and have an inverted pattern.
VII. CONCLUSIONS
The extremely complex high-resolution infrared spectrum, observed nearly ten years ago, 29 has been assigned to the Q 1 (1) transitions of NN IP, NN OP, and NNN ortho-H 2 pairs by the method of ground-state combination differences using microwave results of Hardy, Berlinsky, and Harris. Observed and theoretical relative intensities, polarization dependences, and linewidths served as guides for the assignment. There are no extraneous or missing lines. The assignment has provided complete energy patterns for the six excited pair states. We leave the fitting of the observed levels by interaction Hamiltonian for future work.
